INTRODUCTION
Interaction of proteins with DNA is important in many cellular processes, such as replication and transcription. As a general classification, these proteins can be characterized in terms of their sequence specificity as well as their preferences for singlestranded or duplex DNA. An example of a well-studied single-strand binding protein is SSB from Escherichia coli (1, 2) . It only binds to single-stranded nucleic acids and has a preference for pyrimidines over purines. Thermodynamic parameters have been measured and this preference is probably due to the fact that purine oligonucleotides have considerable self-structure (2) . In the case of sequence-specific duplex DNA binding proteins, such as phage λ cro protein or the trp repressor, binding to the target sequence is many orders of magnitude greater than to random duplex DNA. The sequence preference is based on specific contacts between the protein and functional groups on the DNA. Thermodynamic analysis has allowed this binding to be characterized in terms of a highly complimentary or specific interface which is accompanied by a large negative ∆C_ p,obs (3, 4) .
Monoclonal antibodies are another class of DNA binding protein which have received considerable attention because of their involvement in autoimmune diseases (5) (6) (7) (8) . They can be produced from autoimmune strains of mice in which they occur spontaneously or, alternatively, from mice which have been immunized with nuclease-resistant nucleic acids (9) (10) (11) . Those produced by immunization include antibodies to Z DNA, triplex DNA and poly(dG)·poly(dC) (12) (13) (14) . In general they are structure specific and show limited cross-reactivity with other nucleic acids. Antibodies of autoimmune origin, on the other hand, tend to show limited sequence and structure specificity, which is consistent with the idea that binding is dominated by ionic interactions with the phosphodiester backbone. Exceptions to this rule include Hed 10 and BV04-01, which are single-strand-specific, with a preference for poly(dT), and Jel 241 and 274, which are duplex-specific, with minor sequence specificity (15) (16) (17) .
The autoimmune antibodies Jel 241 and 274 are of particular interest because duplex binding antibodies of this type have been implicated in the pathogenesis of the disease systemic lupus erythematosus (18, 19) . They appear to have a propensity for binding to the glomeruli of the kidney, causing an inflammatory response which may eventually lead to nephritis (20) . The origins of the antibodies are obscure, since most duplex DNAs are not immunogenic (7) . It has been proposed that they arise from stimulation by some, as yet, unidentified antigen and by chance they cross-react with DNA (21, 22) . Alternatively, their presence may represent some defect in the immune system, such as inappropriate self-tolerance (23, 24) .
Previously, binding of Jel 241 and 274 was studied by a competitive solid phase radioimmunoassay (SPRIA), which allows measurement of relative binding constants (17) . By this technique it was demonstrated that Jel 274 binds well to most duplex nucleic acids, whereas Jel 241 prefers duplexes with an alternating pyrimidine/purine sequence. In both cases binding to single-stranded DNA was at least 100-fold lower (17) . However, this technique cannot be used to measure thermodynamic parameters. In this report binding studies for both Jel 241 and 274 have been extended to include a thermodynamic analysis of their interaction with duplex DNA. This was made possible by the use of fluorescence polarimetry (25) (26) (27) .
Briefly, a fluorescein-labeled oligonucleotide is titrated with increasing concentrations of the antibody.
antibody + fluorescein-labeled oligonucleotide ↔ complex low polarization high polarization
The free oligonucleotide tumbles rapidly and thus the fluorescein has a low polarization. The complex with bound antibody has a much higher molecular weight, tumbles more slowly and, thus, has a higher polarization. Binding parameters can then be calculated from a plot of polarization against antibody concentration (a modified Klotz plot) (28) . The technique is rapid, versatile and applicable to any nucleic acid which can be labeled with fluorescein.
MATERIALS AND METHODS

Oligonucleotides
5′-Fluorescein-labeled oligonucleotides were purchased from the Calgary Regional DNA Synthesis Facility. They were gel purified before use, except for (dG) 20 , which tends to form insoluble aggregates. All the oligonucleotides had the fluorescein label attached to their 5′ purine with Pharmacia Fluoreprime™. The oligonucleotide concentrations were estimated using the published extinction coefficients at 260 nm (29) (30) (31) (32) 10 , the oligonucleotides were heated at 95_C for 10 min and quenched in an ice bath. Under these conditions the alternating sequence DNAs will preferentially form intramolecular duplexes with hairpin structure. Duplex formation was monitored by an ethidium bromide fluorescence assay (13) and T m measurements showed a single helix to coil transition. The triplex (dT) 20 ·(dA) 20 ·(dT) 20 was formed by incubating the strands at a 2:1 ratio in 10 mM Tris-HCl, pH 8.0 plus 2 mM MgCl 2 for 2 h at 20_C. Triplex formation was monitored by the ethidium bromide fluorescence assay (13) . Oligonucleotide duplexes (0.4 µg 20mer or 1.6 µg 10mer) were analyzed on non-denaturing 20% acrylamide gels and stained with ethidium (33) .
Antibodies
Jel 274 is a re-clone of Jel 229 which has retained the original specificity as judged by SPRIA (34) . IgG Jel 241 and 274 were purified by gel exclusion and ion exchange chromatography as described previously (35) . Analysis of the antibodies on SDSpolyacrylamide gels showed the absence of contaminating protein. Fab 274 was prepared by papain digestion and purified as described previously (35) . Concentrations were expressed in terms of binding sites (i.e. per Fab) and were calculated assuming 1.5 A 280 = 1 mg/ml and a molecular mass of 150 000.
Polarization measurements
A Panvera bioluminescent polarimeter (PanVera Corporation) was used for all experiments. 10 was not dependent on which strand carried the fluorescein label (data not shown). In some cases K obs could also be determined from the fluoresence quenching data as described previously (15) . For measurements at 5, 16, 30 and 38_C, the samples were incubated in a water bath at preset temperatures for ∼5 min, wiped dry and then read immediately. Control tubes showed that the variation in temperature was ±1_C. Reported K obs values are based on the average of at least three determinations and experimental errors were 5-10%.
Thermodynamic parameters
K obs , ∆G_ obs (the observed standard free energy change), ∆H_ obs (the observed standard enthalpy change), ∆S_ obs (the observed standard entropy change) and ∆C_ p,obs (the observed standard heat capacity change) are related by the following functions ∆G_ obs = -RTlnK obs 2 ∆G_ obs = ∆H_ obs -T∆S_ obs Where R is the gas constant and T is the absolute temperature. Thus, by measuring K obs as a function of temperature all the parameters can be calculated. ∆H_ obs is obtained from -∆H_ obs /R, the slope of the plot of lnK obs against 1/T (van't Hoff plot). In cases where van't Hoff plots were non-linear (i.e. ∆H_ obs varied with temperature), the best fit was obtained by the second order function
The derivative of the above function with respect to 1/T is equal to the slope of the van't Hoff plot
Therefore, ∆H_ obs can be obtained at any temperature from equation 7. As a result, if ∆H_ obs varies with temperature, ∆C_ p,obs is not zero and can be obtained from equation 5.
RESULTS
The structure of the oligonucleotides was analyzed on acrylamide gels (Fig. 1 20 at low ionic strength is shown in Figure 2a . On adding the IgG or Fab (measured in units of [Fab] ) the millipolarization (mP) value of the duplex increases until a plateau is reached. The final mP value of the Fab complex is lower than the IgG complex, as expected on the basis of their size. As a control there was no detectable interaction between the antibodies and free fluorescein (data not shown). The association constant K obs was determined by regression analysis to a single site binding isotherm and in general the fit was excellent, especially at high ionic strength, with r 2 > 0.97. Multiple determinations showed that the K obs was very reproducible and the error is estimated to be <10%. The values are listed in Table 1 . For Fab and IgG Jel 274 binding to (dG) 20 ·(dC) 20 , K obs was determined to be 5.4 and 6.0 × 10 7 M -1 . The slightly lower value for Fab may be due to the presence of some inactive protein, as has been demonstrated by others (37) . However, the good agreement shows that only one arm of an IgG can bind to a 20mer duplex, as was expected, because the two arms of an IgG are separated by at least 120 (38) . Therefore, a duplex of >40 bp is necessary to allow both arms of the IgG to be bound simultaneously, as has been observed experimentally (38) . Figure 2b . For (dG) 20 ·(dC) 20 the calculated K obs is ∼2-fold lower than at low ionic strength ( Table 1) , showing that ionic forces play a prominent role in complex formation. The three duplexes gave similar curves and there was only a 5-fold difference in the calculated values of K obs (Table 1) . For the single-stranded DNA d(A 5 C 10 A 5 ), binding is one to two orders of magnitude weaker. Binding to the duplex (dA) 20 ·(dT) 20 and the triplex (dT) 20 ·(dA) 20 ·(dT) 20 is shown in Figure 2c . These experiments were performed in 2 mM MgCl 2 in order to stabilize the triplex. Perhaps surprisingly, binding to the duplex is tighter than to the triplex, showing that structure is important, as well as negative charge density.
The effects of [Na + ] on binding of Jel 274 to duplexes and one single-stranded DNA were examined in more detail (Fig. 3a) . The slope of a plot of logK obs against log[Na + ] is equal to -ψm, where ψ is a constant and m is the number of ion pairs (39) . ψ = 0.88 for duplex DNA and 0.71 for single-stranded DNA and the calculated values of m are listed in the figure legend. The number of ion pairs is between five and six, even for the single-stranded oligomer, for which the affinity is much lower.
Further thermodynamic parameters can be calculated from measurements of K obs as a function of temperature (40) . For Jel 274 binding to (dG) 20 ·(dC) 20 at low ionic strength K obs is independent of temperature (Fig. 4a) . Therefore, ∆H_ obs and ∆C_ p,obs are zero. At higher ionic strength (80 mM NaCl), the van't Hoff plot is non-linear and the data were fitted to the second order function of equation 6. (The curve shown in Fig. 4a has r 10 . A similar pattern was observed (Fig. 4b) . At low ionic strength both ∆H_ obs and ∆C_ p,obs are zero; at higher ionic strength the van't Hoff plot is curved, with ∆C_ p,obs equal to -630 cal mol -1 K -1 . (The curve shown in Fig. 4b has r 2 = 0.82 compared with r 2 = 0.52 for linear regression.) A summary of the thermodynamic parameters is shown in Table 2 . At low ionic strength, complex formation between Jel 274 and both duplexes is entropy driven. At higher [Na + ], complex formation becomes increasingly driven by enthalpy as the temperature increases. In all cases there is compensation between enthalpy and entropy changes with temperature, so that ∆G_ obs is essentially independent of temperature. This has been observed previously with many different antibody-antigen interactions (41) .
Jel 241 also shows preference for duplex DNAs but, in contrast to Jel 274, there is also an underlying sequence specificity (17) . These results are confirmed by fluorescence polarimetry, as shown in Figure 5a 20 in 50 mM [Na + ] showed ∼50% quenching of fluorescence which reached a distinct minimum. This allowed an independent determination of K obs , as shown in Figure 5c . K obs was 5.4 × 10 6 M -1 compared with 5.7 × 10 6 M -1 from polarimetry.
Further examination of the [Na + ] dependence of Jel 241 is shown in Figure 3b . As above, the number of ion pairs involved in complex formation can be calculated from the slope and these are listed in the figure legend. It is apparent that four or five ion pairs are involved in binding to duplexes, but there may be as many as seven for the weaker binding to single-stranded DNA.
Because Jel 241 shows sequence preferences it was expected to give a large negative ∆C_ p,obs upon complex formation with a preferred antigen such as [d(AT)] 20 . However, at 80 mM NaCl, although the van't Hoff plot (Fig. 6) is non-linear, the calculated ∆C_ p,obs is only -87 cal mol -1 K -1 . (The curve shown in Fig. 6 has r 2 = 0.85 compared with r 2 = 0.61 for linear regression.) At higher ionic strength (130 mM NaCl) the plot is linear and, therefore, ∆C_ p,obs is zero. The thermodynamic profiles are summarized in Table 2 and again it is clear that complex formation is largely driven by entropy changes.
DISCUSSION
The fluorescence polarimetry technique is a rapid and versatile method for the measurement of binding constants. For Jel 241 binding to (dA) 20 ·(dT) 20 K obs could also be determined by fluorescence quenching and the agreement was excellent. In general, the specificities of Jel 274 and 241 determined from fluorescence polarimetry are in agreement with the results from competitive SPRIA reported previously (17, 34) . Direct comparisons are not possible because in the competitive SPRIA long polymers were used, allowing both arms of an IgG to bind simultaneously. As shown in Figure 2 , Fab and IgG Jel 274 had similar binding constants and, therefore, the 20mer duplexes of the present study only allow monovalent binding of an IgG. In general, the relationship between affinity and avidity is difficult to estimate and may vary from one antibody to another (38) . As expected, K obs is very dependent on [Na + ]. For Jel 274, which shows little sequence specificity, there are seven positively charged amino acids in the CDRs of the heavy and light chains (42) . From Figure 3 it was deduced that five to six ionic interactions were involved and, therefore, it would appear that the majority of these amino acids are involved in complex formation. For Jel 241, which shows some sequence preferences, the [Na + ] dependency suggested four or five ionic interactions for duplexes, but six or seven for single-stranded DNA. It seems possible that the single-stranded oligomer, being more flexible, may be able to interact with other positively charged amino acids which fall outside the binding site of more stiff duplexes.
It is clear, however, that the sequence specificity cannot be attributed solely to changes in ionic interactions, because the calculated value of m is lowest for the duplexes to which Jel 241 binds the tightest. Thus, the sequence preferences must derive from favorable hydrogen bonds or van der Waal's interactions with functional groups on the DNA. The same conclusion has been reached from crystallographic analysis and model building studies (43) . The duplex DNA lies on a relatively flat antibody surface and some amino acid residues can penetrate into the grooves of the DNA, forming specific contacts.
Large negative heat capacity changes have been proposed to be characteristic of sequence-specific DNA-protein interactions; for example, for trp repressor binding to the operator DNA, ∆C_ p,obs = -950 cal mol -1 K -1 , whereas it is zero for binding to non-operator DNA (4). Similar observations have been made for cro repressor binding to its operator or random sequence DNA (∆C_ p,obs = -360 and 0 cal mol -1 K -1 respectively) (3). ∆C_ p,obs has been related to the change in polar (∆Α p ) and non-polar (∆A np ) surface area (Å 2 ) which occurs during complex formation (44) .
∆C_ p,obs = 0.32∆A np -0.14∆A p A large negative ∆C_ p,obs implies that it is mostly non-polar surfaces which are buried during complex formation (i.e. a large -∆A np ). Therefore, a negative ∆C_ p,obs is consistent with a reduction in solvent access to non-polar surfaces, which implies that there must be a good stereochemical fit between the protein and DNA.
From model building studies of antibody-DNA complexes the total surface area buried is estimated to be 1400 Å 2 (43, 45) . For Jel 274 at low ionic strength, ∆C_ p,obs was zero, which gives values of -430 and -970 Å 2 for ∆A np and ∆A p respectively. At higher ionic strength, ∆C_ p,obs was ∼-600 cal mol -1 K -1 , yielding -1400 and 0 Å 2 for ∆A np and ∆A p respectively. Thus, the calculated change in the buried non-polar area increases by nearly 1000 Å 2 upon increasing the ionic strength. Obviously this interpretation is unacceptable and some other explanation is required. As discussed extensively by Ferrari and Lohman (2), an apparent negative ∆C_ p,obs can result from coupling of conformational changes in either of the macromolecules to the binding process. For example, binding of SSB protein to poly(dA) proceeds with a large negative ∆C_ p,obs because the bases must be unstacked as the protein binds and unstacking is temperature dependent (2) . Alternatively, a conformational change may occur in the antibody, as has been observed in binding of BV04-01 to oligo(dT); however, other antibodies show only small changes on binding antigen (16, 46) . In the present case, a conformational change in the antibody seems unlikely, because the binding surface is relatively flat and the variable loops of the antibody are not free to wrap around the DNA during binding (43) . Also, it is not clear why a conformational change in the antibody should be dependent on [Na + ]. On the other hand, conformational changes in duplex DNA with ionic strength have been documented (47, 48) . As the ionic strength increases, charge repulsion between the phosphates decreases and the helix becomes more tightly wound. This process is temperature dependent since the helix unwinds as the temperature increases (49) .
For Jel 274 at low ionic strength, we postulate that the helix is minimally wound and this conformation maximizes ionic interactions between the antibody and the DNA phosphates. At higher ionic strength the DNA helix winds up, but must be unwound to allow antibody binding. For Jel 241 the negative value of ∆C_ p,obs is smaller than for Jel 274 and is only apparent for thermodynamic parameters measured at the lower ionic strength. However, similar arguments concerning helix winding can be applied, except that we would anticipate that Jel 241 preferentially binds to a helix which is overwound compared with Jel 274. (It should be noted that such changes in ∆C_ p,obs with [Na + ] contribute very little to the slope of plots of logK obs versus log[Na + ]. Therefore, the estimated values of m, the number of ion pairs, remain unchanged.)
In conclusion, Jel 274 binds to duplex DNA with little sequence specificity but can give rise to a large negative ∆C_ p,obs at the appropriate [Na + ]. Jel 241 shows some sequence specificity in its binding to DNA but any changes in ∆C_ p,obs are smaller. Therefore, negative values for ∆C_ p,obs are not necessarily characteristic of sequence-specific binding and, more importantly, ∆C_ p,obs may be very dependent on ionic strength. This is interpreted in terms of changes in helix winding which, although small, may occur during complex formation between other proteins and DNA. By necessity many techniques for measuring DNA binding (including fluorescent polarimetry) require nonphysiological ionic conditions, so that the binding constants can be brought into the optimal range. Therefore, the contribution of ionic strength effects to the value of ∆C_ p,obs needs to be considered when assessing DNA-protein interactions.
